A method of examining a small (50 to 100 fi o,d.) strand of living cardiac muscle containing several fibers with a high power optical system is described. When the strand was stretched so that it was just taut, die muscle fibers within were found to be slack and severely buckled. An extension of 40 to 60% of this initial length was required before the fibers became straightened and aligned with the long axis of die strand. This finding can account for the fact that cardiac muscle, unlike skeletal muscle, must be subjected to considerable passive tension before its maximum active tension can develop. The resting sarcomere length (that observed when the fiber is just straightened) was 2.0 to 2.2 JJI. Overall strand length and sarcomere length were measured and had no accurately predictable relation. Rabbit papillary muscle fixed at a length at which the passive tension was just zero showed similar buckling of the muscle fibers. The collagen content (in the form of hydroxyproline analysis) of heart muscle was approximately 6 times that of skeletal muscle. The significance of these findings and their relation to some previously reported mechanical properties of cardiac muscle are discussed.
ADDITIONAL KEY WORDS cardiac parallel elastic element television microscopy cardiac muscle resting tension cardiac structural-mechanical relationships cardiac sarcomere lengths microscopy of live cardiac muscle collagen in cardiac muscle cardiac muscle fiber arrangement rabbit B Skeletal muscle develops maximum active tension when stimulated at a length, L o , at which the passive tension on the muscle is at, or near, zero (1, 2) . However, cardiac muscle at Lo (as defined for skeletal muscle) develops zero active tension, and must be forcibly extended beyond this length before it reaches the length at which maximum active tension is generated (3) . Preparations of papillary muscle stimulated at L o and fixed at this length were found by electron microscopic examination to have sarcomere lengths of 1.5 fJL (4), whereas in skeletal muscle the length of sarcomeres at L o were found to be 2.0 to 2.2 fi (5, 6) . The sarcomere length at which maximum active tension is developed in cardiac muscle (3, 4) is similar (2.0 to 2.2 /JB ) to that in skeletal muscle (5) (6) (7) , being coincident with maximum overlap of active sites on the actin and myosin filaments (8) and, consequently, in agreement with the "sliding filament" theory of muscle contraction (9, 10) . The difference between the two preparations lies in their passive length-tension curves. At the length at which maximum active tension is developed, the passive tension applied to the preparation of skeletal muscle is close to zero, whereas in cardiac muscle it is 50 to 80% of the active tension and may even exceed it. The present paper describes microscopic observations of strands of living cardiac muscle that suggest an explanation for these differences between cardiac muscle and skeletal muscle. The differences appear to be due solely to the properties of the parallel elastic element and may well be explained simply by 34 GAY, JOHNSON FIGURE 1 Low-power view of a strand of living cardiac muscle held fust taut. Because the strand was too long to be seen entirely in one field the picture is a composite of two photographs taken from the TV monitor. The small lumps of ventricular muscle are visible at the ends. The two suction pipettes used to hold the strand are just out of view. The dark bar (upper right) = 400 M.
the different amount of collagen in the two tissues.
Methods
Microscopic observations of living cardiac muscle were made using a small trabecula carnea, hereafter referred to as a "strand." Microscopic observations of histologic sections of papillary muscle were made to provide evidence that these observations applied also to ventricular muscle. The detailed ultrastructure of the strand has been described previously (11) .
THE STRAND
Isolation of the Strand.-Rabbits were killed by a blow on the neck, and the heart was excised within 30 sec and placed in a beaker of Krebs-Henseleit solution (12) at room temperature and aerated with a gas mixture of 95% O 2 and 5% CO2. The heart was washed free of blood; the right ventricular wall was removed by cutting along its septal border and it was then transferred to a silver tissue chamber (see below). Small trabeculae carneae (30 to 80 /X o.d.) were removed from the endocardial surface of the right ventricular wall by excising a small portion of the wall to which each end of the strand was attached. After this dissection was completed, the unused portion of the right ventricular wall was discarded. The strand was then held, under slight tension, by small suction pipettes applied to the attached portion of ventricular muscle (Fig. 1) .
The Tissue Chamber.-The general features of the tissue chamber are illustrated in Figure 2 .
It is made of silver, the temperature of which was maintained at 37° C to within ±0.01° C. The Krebs-Henseleit solution in the reservoir that supplied the tissue bath was at room temperature (20 to 25°' C) and was aerated continuously with a gas mixture of 95% O 2 and 5% CO 2 . The solution from the reservoir entered the tissue chamber through a tunnel in the silver wall so that the temperature of the solution was equilibrated with that of the silver for all flow rates that were used (1 to 4 ml/min). The temperature of the solution in the chamber itself could not be held within fine limits because of convection currents and evaporation and thus cooling at the exposed surface of the liquid. To allow entrance of microelectrodes in other studies, this surface had to be open to the atmosphere. However, the long-term changes in temperature at a given point in the liquid were less than 1.0°C. The fluid level in the chamber was maintained at a reasonably constant level by a suction tube at the upper edge of the chamber.
In the center of the floor of the chamber was a hole covered by a circular glass cover slip, which was sealed with silicone grease to the floor of the chamber around the hole. Two stainless steel pipettes (*=*4 cm of 21 gauge, 0.032-inch o.d., S.S. hypodermic tubing, in one end of which was cemented = 2 mm of S.S. hypodermic tubing of 26 gauge, 0.018-inch o.d., 0.010-inch i.d.) passed through tunnels in the wall of the silver chamber, one on either side, opposite the center of the hole in the floor. The strand was held by suction to these pipettes. The distance between the tips of the pipettes could be varied by moving one of them back and forth through the tunnel in the wall of the silver chamber. In this way the strand could be stretched any desired amount up to the point at which one of the muscle lumps at the end of the strand broke loose from the suction pipettes. The tissue chamber was attached to the stage movement of a Leitz microscope in early experiments, and in subsequent experiments to the stage of a Vickers Patholux microscope.
Microscope Optics.-the strand was viewed by transmitted light (Kohler illumination) (13) with a Zeiss water immersion, 0.75 N.A., 40X, free working distance 1.9 mm, phase objective used in bright field. A narrow band (AX = 40 m/x at 546 ± 5 m/x) or broad band (A A. ~ 130 m/i at 546 m/U.) green interference filter (Zeiss) was placed in the light path; slightly better image contrast was obtained with the former. Because of its insufficient free working distance and its large size, the normal substage condenser could not be used. It was therefore removed, and its mount was adapted to hold a Leitz UMK32, long working distance objective (N.A. 0.6; 0.4 as used). This objective served as a substage condenser. Its Circulation Research, Vol. XXI, July 1967 small size allowed it to be racked up through the microscope stage so that the front surface of its front lens was 3 or 4 mm beneath the cover slip covering the hole in the floor of the tissue bath. The iris diaphragm of this condenser was wide open, providing a light cone which filled the back lens of the objective to approximately one-half of maximum.
The strand is a "phase" rather than an "amplitude" object, that is to say it is an object containing local three-dimensional variations of refractive index and with little variations in absorption of light. Thus in full bright field illumination the image of the strand has very little contrast. Phase contrast could not be used to enhance image contrast because of the thickness of the preparation, the collagenous sheath around the strand, and the numerous extracellular spaces, all of which contributed to considerable confusion of the image. The use of polarized light to view the fiber striations was also unsatisfactory, since the collagenous sheath polarized the light and obscured the interior of the strand. Only when the strand was severely stretched so that the sheath no longer buckled and was in line with the long axis of the strand was the image in polarized light satisfactory.
We were thus restricted to using bright field illumination. Contrast can be enhanced under these circumstances with little loss of resolution for a "phase" object by stopping down the condenser aperture (14, 15) ; however, this increases the depth of field of the objective and leads to problems in the interpretation of the image (16) . We therefore worked at all times with the iris diaphragm of the condenser wide open and viewed the microscope image with a closed-circuit television system. The image contrast was then enhanced by appropriate adjustment of the contrast (video gain) and brightness controls on the television monitor.
Television System.-A Cohu 2000 series TV camera (modified to give 2% overall geometric distortion and insignificant ringing) was mounted to the photographic tube of the Patholux microscope; in earlier experiments, a 10X to 30x eyepiece was used as a projection lens, forming the microscope image directly on the face of the camera vidicon tube. In later experiments, the TV camera was equipped with an f 1.4, 50-mm lens, which was focused at infinity. This made the overall magnification of the system insensitive to variations in the distance between the television camera and the eyepiece of the microscope. The required image contrast was obtained by appropriate adjustment of the video gain (contrast) of the monitor, giving a satisfactory picture of the structure of the fibers in the strand (striation patterns, intercalated discs, large mitochondria). Events displayed on the monitor were photographed, when required, by a conventional 16 mm movie camera (Admira Model 16A1 Electric) at 24 frames/sec. A conventional 35 mm still camera (Honeywell-Pentax) was used to obtain still photographs from the TV monitor.
Microscopic Measurements.-Sarcomere length was determined by measuring the distance between the striations of 5 to 40 sarcomeres. Measurements were made on the TV monitor with a calibration grid supplied by a TV Dot and Bar Generator (Cohu Model DBG2) that had been calibrated against a stage micrometer. This corrected for the geometrical nonlinearity of the TV monitor but included the 2% overall nonlinearity of the vidicon camera system.
PAPILLARY MUSCLE
The method of isolation of the papillary muscle, the organ bath, and the method of stimulation have been previously described (17) . All measurements were made at 38° C.
The Myograph.-The myograph utilized a semiconductor transducer that had an overall compliance of approximately 12 ft/g. Fixation, Sectioning, Staining, and Examination.-After determining length-tension relationships for a particular muscle preparation two or three times, the muscle was positioned at a selected length on the overall length-tension curve. Stimulation of the muscle was then stopped and the bathing solution removed and rapidly replaced with Zenker's fixative (18) (the interval between stopping stimulation and filling the muscle bath with fixative was always less than 30 sec). The preparation was left undisturbed for 3 to 4 hr, then was washed in distilled water, removed from the myograph, and placed in 70% alcohol overnight. The following day it was embedded in paraffin, sectioned longitudinally, mounted on slides, and stained with Masson's stain (18) .
COLLAGEN CONTENT OF CARDIAC MUSCLE
Samples of skeletal muscle (the belly of the psoas) and cardiac muscle (right and left ventricle) were taken from two rabbits within 1 or 2 min of death. The samples were quickly washed free of blood and extraneous matter was removed (fat, hair, fascia, tendon, valve tissue, etc.); they were blotted dry and weighed. They were then wrapped in Parafikn (Marathon, Neenah, Wisconsin ) and quick-frozen by sandwiching the specimen between two pieces of dry ice, then stored in a deep freeze until analysis could begin (usually less than 24 hr). Each sample was then colorimetrically analyzed for hydroxyproline by the method of Mitoma and his associates (19) . Hydroxyproline analysis is considered a good method for estimating the collagen content of animal tissue because this amino acid has a much higher concentration in collagen (20) than in elastin (21) .
Results

THE STRAND
General Microscopic Observations.-"The strands of trabeculae carneae, 2 to 10 mm long, when examined microscopically in the living state, fell into two morphologic categories. One kind contained fibers that had Photomicrographs of the same strand of living cardiac muscle at various degrees of stretch. The outline of the television monitor is visible in the photos. The black bar in A = 40 n; the same magnification was used in all three photographs. A, strand just taut (see Fig. 1 ) with fibers within markedly buckled; B, strand extended approx. 25% beyond the length in A, with the fibers only moderately buckled; C, strand extended approximately 50% beyond the length in A, with the fibers mostly straight.
cross striations throughout almost their entire length and depth. The other kind contained fibers that had no visible cross striations but had highly refractile, intercalated disclike structures. The studies described in this paper were confined to strands containing fibers that had clear cross striations and would contract either spontaneously or when electrically stimulated.
The strand was sheathed with a layer of endocardium, the nuclei of which could be clearly seen. Beneath this layer the strand was enveloped with a layer of connective tissue of variable thickness (5 to 30 ft) which, in electron microscopic sections (11) , has been shown to be largely collagen, and which forms a sheath around the strand and pervades the spaces between the fibers.
Effects of Stretch.-The strand was extended by retracting one of the suction pipettes until the strand was just taut. The length at which the passive tension was close to zero, L o , was determined as that length at which the strand just remained taut, namely, it elastically recoiled when it was returned to this length after a small stretch. At lengths below this, the strand was bent and slack. This value of L o was well defined and could be determined with an estimated error of less than 5% of the overall length of the strand. At Lo determined in this way, most of the fibers within the strand were slack and severely buckled (Fig. 3A) . Considerable further extension of the strand was required (about 40 to 60% of its overall length) before the fibers within it became just straightened and aligned with the long axis of the strand (Fig. 3, Band C) .
The collagen could be observed by focusing just below the upper surface of the strand. At L o it appeared wavy, but as the strand was extended it straightened, losing most of its waviness when the strand was stretched until most of the muscle fibers were just straight. These changes in the configuration of the muscle fibers and the collagen appeared to be completely reversible, since when the strand was repeatedly stretched Circulation Reiearcb, Vol. XXI, July 1967 and relaxed, it always returned to its original configuration at L o .
To see whether there was a relationship between the overall length of the strand and the length of sarcomeres in the fibers within it, two small graphite particles (10 to 50 /i) were placed 1 to 2 mm apart on the surface of the strand. Beginning at L o , sample measurements of the average sarcomere length (in groups of 5 to 40 sarcomeres) were randomly taken throughout the segment of the strand bounded by the two graphite markers. These measurements of sarcomere lengths are plotted in Figure 4 against increasing extensions of the strand. It must be pointed out that these measurements merely indicate the ranges of observed sarcomere lengths at any given overall length. The measurements Changes in the average sarcomere length of randomly sampled groups of sarcomeres associated with changes in overall length of a segment of the strand. Abscissa = sarcomere length in micra. Ordinate = number of groups of sarcomeres having the average sarcomere length shown on the abscissa. Reading from A to F, one can follow the changes in sarcomere length associated with a gradual lengthening of the segment of the strand, n = total number of random samples within the strand segment at the given length. AL = the increase in segment length above L o (1.5 mm).
GAY, JOHNSON FIGURE 5
Top, low-power photomicrograph of a rabbit papillary muscle fixed near the bottom of its active tension curve. Top of picture is toward surface of the muscle. Bottom, high-power view of the same muscle. Note the marked buckling and waviness of the fibers.
give no information as to the actual number of sarcomeres of a given length. Because of the severe buckling at L o and at the smaller extensions beyond L o , it was difficult to find a group of five sarcomeres (the minimum for a measurement) that were in the same focal plane. Hence, at these lengths, the number of samples is small. Because at the greater extensions there was much less buckling, a greater number of samples were taken at these lengths. It was found that the ranges of sarcomere lengths observed remained almost constant until the strand was extended about 50% beyond the resting length. At this length most of the fibers within the strand were almost, but not quite, Photomicrograph of a rabbit papillary muscle fixed near the peak of its active tension curve. Skeletal muscle and cardiac muscle specimens la and lb came from the same rabbit, and specimens 2a and 2b came from another rabbit. The belly of the psoas was used for skeletal muscle and right and left ventricle (trimmed of valve and chordal tissue) were used for cardiac muscle.
straightened. If we redefine the resting sarcomere length as that when the fiber is just straightened so as to conform more closely with the practice used in studies of skeletal muscle, then the length was found to be 2.0 to 2.2 [i. With further extensions of the strand (9% in Fig. 4 ), there were marked changes in the sarcomere lengths. Furthermore, at any given distance between the two markers, the Circulation Research, Vol. XXI, job 1967 length of sarcomeres within the fibers in the strand was found to vary considerably. We could find no predictable relationship between the overall length of the strand (the distance between the two markers) and the length of any given sarcomere in the strand. As the strand is extended, the buckled fibers do not straighten uniformly. Furthermore, the length of sarcomeres does not increase uni-formly, as the strand is extended beyond the point at which the fibers within it are just straight. A dispersion in sarcomere lengths in skeletal muscle (22) greatly influences the observed mechanical properties of skeletal muscle.
PAPILLARY MUSCLE
Longitudinal sections of rabbit papillary muscles fixed at varying points along the ascending limb of their overall length-active tension curves were examined microscopically for the degree of buckling of the fibers. Figures 5A and 5B are photomicrographs of a longitudinal section of a muscle that was fixed at a length at which the resting tension was close to zero. The fibers were buckled to a varying degree; the buckling was greatest in the center of the muscle and diminished toward the surface, where it was only slight. A longitudinal section of a muscle fixed at a length at which the active tension was maximum is shown in Figure 6 . At this length the fibers were no longer buckled and were aligned with the long axis of the preparation. In preparations fixed at lengths between these two extremes, there was mild buckling, particularly in the center of the muscle. In all sections examined, the papillary muscle was pervaded with a network of collagen fibers which seemed to surround each muscle fiber.
COLLAGEN CONTENT
Stained sections of papillary muscle and skeletal muscle showed noticeably greater amounts of connective tissue in the papillary muscle. This impression was confirmed by the results of the hydroxyproline analysis of skeletal muscle and of the rabbit right and left ventricles shown in Table 1 . Because of the small size of the trabeculae carneae, their hydroxyproline content could not be measured. It is clear from these results that there is considerably more collagen in ventricular myocardium than in skeletal muscle. In earlier estimates of the relative collagen content of cardiac and skeletal muscle, made in a different manner, the figures were very similar (heart, 5.5% skeletal muscle, 4.6?) (23).
It is not clear from the earlier studies, however, whether tendons were carefully excluded from the skeletal muscle analysis or not. The inclusion of tendinous ends of a skeletal muscle would add substantially to the observed collagen content.
Discussion
When the strand preparation is extended so as to just straighten it, or when the papillary muscle is positioned so that passive tension is close to zero, the muscle fibers within these preparations are slack and severely buckled. The strand must be greatly extended beyond this length before the muscle fibers straighten and become aligned with its long axis. The papillary muscle must, likewise, be considerably extended beyond the length at which the passive tension is just zero before the fibers within it are just straight. This finding can explain why cardiac muscle, unlike skeletal muscle, must be subjected to considerable passive tension before the muscle fibers are just straight and maximum active tension can develop.
Two questions arise from the results. What causes the fibers to buckle and what component of the strand contributes most to its passive stiffness? It seems reasonable to assume that the component of the strand that presents the greatest resistance to stretch is the collagen, since it is this material that gives the elastic properties to distensible organs, for example, the bladder (24) . The unstretched configuration of the collagen in these organs is wavy, as in the strand preparation, in contrast to a straight configuration as in tendon (24) . The stiffness of the muscle fibers themselves would seem to be much less than that of the surrounding collagen. Ramsay and Street (2) showed that the passive stiffness of single skeletal muscle fibers resides in the sarcolemma and its associated collagenous matrix, the internal contractile elements being, in the uncontracted state, quite plastic. There seems, at present, to be no way of estimating the passive stiffness of cardiac muscle fibers alone without the associated collagen.
In view of the known high stiffness of collagen (10 s dyne/cm 2 per 50£ elongation) in contrast to that of elastin (3x 10 6 dyne/cm 2 per 100% elongation) (24) , collagen must contribute to the passive stiffness of cardiac muscle. Indeed a major part of the passive stiffness of a single skeletal muscle fiber almost certainly resides in the matrix of collagen that, together with the plasma membrane proper, forms the classical sarcolemrna (2) . It is clear from the results that the overall unstretched length of the strand is less than the muscle fibers within it. It is likely that the muscle fibers at this length are buckled because this configuration is imposed on them by the form of the collagen surrounding them. That is to say, were they freed of this collagen, they would behave like a single skeletal muscle fiber, in that they would hang like string when their ends are brought together.
The resting sarcomere length of the fibers in the strand, defined as that length observed when the fibers were just straightened, was 2.0 to 2.2 fi, a value close to that found in skeletal muscle under similar conditions (7) . Sonnenblick, Spiro and Spotnitz (4) obtained a value of 1.5 /x for the resting sarcomere length of muscle fibers of papillary muscle that were stimulated to contract and fixed at a length at which the passive tension was close to zero. A possible explanation for this low value is that under such circumstances, the fibers within the preparation are slack and buckled. When excited they shorten, take up slack, and might be fixed in this contracted position. Evidence in favor of this explanation is the fact that Spotnitz, Sonnenblick and Spiro (25) found a higher value for the resting sarcomere length of 1.95 ± 0.05 /u, in intact ventricles that were not excited to contract while being fixed.
From the results of studies of the series elastic element and studies of the forcevelocity relationship of papillary muscle, Sonnenblick (26) concluded that with an increase of overall length of the muscle an increase in contractile sites (arranged effectively in parallel) occurred, concomitant with Circulation Research, Vol. XXI, July 1967 an increase in series elasticity (stiffness). We think that a more likely explanation is that with increases in initial muscle length, more of the fibers straighten and contain sarcomeres at the resting length of 2.0 to 2.2 fj. and consequently are able to contribute maximally to the active tension recorded at the ends of the muscle.
In cat papillary muscle and in intact ventricles of dogs and cats that were fixed at the peak of the active tension-overall length curve, the sarcomere length was 2.0 to 2.2 /A (4, 25) . Although, in the strand, we were not able to measure the force of contraction that developed when the fibers within it were just straightened, our finding of a sarcomere length of 2.0 to 2.2 fi under these circumstances would suggest that the active tension would have been maximum. Our findings in papillary muscle and in the strand show that unless the preparation is extended to the length associated with maximal active tension, the fibers within are buckled to a varying degree and thus, although the two ends of the preparation are held fixed, do not contract with sarcomeres at constant overlap of their filaments. Furthermore, in the strand, with extension beyond the point at which all of the fibers appear straightened, the length of sarcomeres did not increase uniformly and we could find no predictable relationship between the overall length of a segment of the strand and the length of sarcomeres within it. Even when the strand is extended to a length at which all the fibers are straightened, the sarcomeres within them can be seen to shorten to a varying degree during a contraction. Thus no length could be found at which the majority of sarcomeres within a segment of the strand contracted isometricaHy (did not shorten). A similar lack of correlation between the percentage increase in sarcomere lengdi and percentage increase in overall length of the muscle preparation was found by Sonnenblick, Spiro and Cottrell (27) when papillary muscle was stretched beyond the peak of the active tension-length curve. This nonuniform increase in sarcomere length might explain why, if papillary muscles are stretched much beyond the length at which active tension is maximum, an irreversible decline in active tension occurs, so that when the muscle is returned to a shorter length less active tension develops at this length than before. To reduce the active tension to zero, for example, all the sarcomeres within the fibers must be extended to the point at which there is no overlap of the actin and myosin filaments (about 3.5 fi). The variation in length of sarcomeres means that most will have been highly overstretched (in excess of 3.5 p) and thus damaged. This might account for the observed irreversible decline in active tension when the muscle is returned to a shorter length.
Our observations suggest that the mechanical properties of the sarcomeres are not easily definable in terms of the relationship between the overall length of the papillary muscle (or strand) and the force exerted at its ends. Fig. 7 . Curve showing graphically the average fall in pressure through the vessels of the mesentery, using the data given in table 1. Pressure is charted in centimeters of water against the length of the respective vessels. Below the relative diameters of the vessels are shown,in micra. Landis' graph of blood pressure measured in arteries, arterioles, capillaries, and veins; these experiments were done when Landis was a medical student.
